
NASA/CR-2002-211749

The Steady Flow Resistance of Perforated

Sheet Materials in High Speed Grazing
Flows

Asif A. _ged, Jia Yu, H. W. Kwan and E. Chien

GE Aircraft Engines, Cincinnati Ohio

July 2002



The NASA STI Program Office ... in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics arrd space
science. The NASA Scientific and Technical

Inforrnation (STI) Program Office plays a key
part in helping NASA maintain this important
role.

'['he NASA STI Program Office is operated by
Langley Research Center, tire lead center for
NASA's scientific and technical information. The

NASA STI Program Office provides access to the
NASA STI Database, the largest: collection of
aeronautical and space science STI in the world.
The Program Office is also NASA's institutional
mechardsrn for disseminating the results of H:s
research and development activities. These
results are published by NASA in tire NASA S'[`I
Report Series, which includes the following
report types:

TECIINICAI, PUBI,ICATION. Reports of
cornpleted research or a major significant

phase of research that present the results of
NASA programs and include extensive
data or theoretical analysis. Includes
compilatkms of significant scientific and
technical data and information deemed to

be of continuing reference value. NASA
counterpart of peer reviewed forrnal
professional papers, but having less
stringent limitations on manuscript length
and extent of graphic presentations.

TECHNICAL MEMORANDUM. Scientific

and technical findings that are preliminary
or of specialized interest, e.g., quick release

reports, working papers, and
bibliographies that contain minimal
annotation. Does not contain extensive

analysis.

CONTRACTOR REPORT. Scientific and

technical findings by NASA sponsored
contractors and grantees.

CONFERENCE P[JBI,ICATION. Collected

papers [rorn scientific and technical

confererlces, symposia, seminars, or other
meetings sponsored or co sponsored by
NASA.

SPECIAl, P[JBI,ICATION. Scientific,
technical, or historical inforrnation from

NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

TECHNICAl, TRANSI,ATION. English
language translations of foreign scientific
and technical material pertinent to NASA's
rnission.

Specialized services that cornplement the STI
Program Office's diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishirlg research
results ... even providing videos.

For more information about the NASA STI

Program Office, see the following:

® Access the NASA STI Program Home Page
at http://www.stf.uasa.gov

* E mail your question via the Internet to
help@sti.nasa.gov

* Fax your question to the NASA STI Help
Desk at (301) 621 0134

® Phone the NASA STI Help Desk at
(301) 621 0390

Write to:

NASA S'[`I Help Desk
NASA Center for AeroSpace Irfformation
7121 Standard Drive

lianover, MD 21076 1320



NASA/CR-2002-211749

The Steady Flow Resistance of Perforated

Sheet Materials in High Speed Grazing
Flows

Asif A. _ged, ]_a Yu, H. W. Kwan and E. Chien

GE Aircraft Engines, Cincinnati Ohio

N a tional Aeronautk:s and

Space Administration

Langley Research Center
Hampton, Virg_rHa 236811 2199

Prepared for Langley Research Center
under Contract NAS3 98004, Tasks 3 and 13

July 2002



Available fi'om:

NASA (;enter for AeroSpace Information (CASI)

7121 Standard Drive

Hanover, MD 21076-1320

(301) 621-039(I

Naional Technical In%rmation Sei_'ice (NTIS)

5285 Port Royal Road

Springfield, VA 22161-2171

(703) 605-6000



Summary

This report presents the results of a research program to determine the effects of high speed grazing air

flow on the Acoustic Resistance of perforated sheet materials used in the construction of acoustically

absorptive liners used in the nacelles of commercial aircraft engines. A limited amount of testing was

also conducted on liner samples with so-called linear "wiremesh" type face sheets.

Steady or DC Flow Resistance of porous sheet materials is known to be a major component of the

Acoustic Resistance of sound suppression Ill liners used in the fan inlet, fan exhaust and core exhaust

ducts of turbo fan engines. Therefore, tests were conducted to measure the DC Flow Resistance

characteristics of a set of perforated face sheets in a flow duct apparatus. A set of six liner-samples with

linear "wiremesh" type face sheets were investigated in the same way. These tests were performed at

grazing flow velocities up to Mach 0.8. (Altogether six samples of linear "wiremesh" type face sheets

were also tested.)

The acoustic liner samples were fabricated to cover typical variations in the perforated face sheet

parameters, such as the hole-diameter, the porosity and the sheet thickness. In addition, an attempt was

made to include the variations due to different manufacturing processes that may have some impact on

the DC Flow Resistance. Thus a set of liner samples were fabricated with perforated face sheets

representing the following materials and manufacturing processes.

• Aluminum sheets with punched holes

• Glass-fiber Epoxy composite sheet with hole produced by pin-mandrels (GEAE & Boeing)

• Graphite Epoxy composite sheet with holes produced by a mechanical drilling process (used

by B. F. Goodrich)

• Graphite Epoxy composite sheet produced by a "Pin-less Process" and finished with an

erosion resistant coating (Middle River Aircraft Systems)

• A special liner sample with a laser drilled thin plastic sheet (polyurethane film - PU) bonded

on a high porosity perforated sheet to create face sheet holes with very small diameters.

All test samples were constructed by using the sheet reticulation of the adhesive to bond the face sheet to

a 3/8-inch cell size honeycomb core.

The samples with the linear "wiremesh" type face sheets were cut out from existing panels used in

previous research under Task Order 25 m

The tests conducted under this contract show that the DC flow resistance data from perforated sheets

correlate strongly with the grazing flow Mach Number and the Porosity of the face sheet. The data also

show correlation against the ratio of the boundary layer displacement thickness to hole-diameter.

The data from the composite sheets produced by the pin-mandrel tools and the drilling processes

correlate like the data obtained from punched Aluminum sheets.

The data from the face sheet sample produced by the Pin-less Process and Erosion Coating showed

significantly lower increase in resistance due to grazing flow than a punched Aluminum face sheet of the

same porosity.



Theincreasein resistancewithgrazingflow for punchedAluminumsheets,asmeasuredunderthis
program,is in goodagreementwithpreviouspublishedresults[2,3] upto Mach0.4.However,above
Mach0.4,theincreasein resistancewith flow velocityis significantlylargerthanexpected.

Finally,thetestsdemonstratedthatthereis asignificantincreasein theresistanceof linear"wiremesh"
typefacesheetmaterialswith increasingMachnumber.Thieeffectshouldbeincludedin anydesign
considerations.

Conclusions

• A new correlation for the Resistance of acoustic liners, made with perforated face sheets, has

been obtained. This correlation is based on data at grazing flow speeds up to Mach 0.8.

• The increase in resistance with grazing flow Mach number is bigger than predicted by

previous correlations proposed by Rice and Heidelberg. This difference is more significant at

grazing flow speeds above Mach 0.5.

• Non-linearity characteristics decrease with grazing flow Mach number. Effectively, liners

with perforated face sheets become linear (insensitive to acoustic particle velocity) under

engine operating conditions.

• Grazing flow effects on the Resistance of laser drilled (micro-porous) face sheets (sample

#13), are much bigger than predicted by Heidelberg-Rice correlation at all grazing flow

speeds.

• DynaRohr type liners with wiremesh-on-perforate face sheets, do show significant increase

in Resistance with increasing grazing flow Mach number. This effect should be included in

design considerations.

Recommendations

The following work is recommended for future research sponsored by NASA.

1.0 Conduct tests to measure the mass Reactance of face sheet materials under grazing flow

conditions. These tests should be conducted with the In-Situ method for Impedance
measurement.

2.0 Evaluate and develop new liner concepts that can provide substantial increase in noise

suppression over conventional single layer liners.
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1.0 Introduction

The work reported herein was started in 1998, with GE Aircraft Engines (GEAE) as the

principal contractor and B.F. Goodrich (BFG) as a major subcontractor. This work aimed

at improvement in the following areas of acoustic treatment design technology.

a. The modeling of the impedance of acoustic liners with perforated face sheets. More

specifically, a better understanding of the effects of grazing flow on the resistance and mass

reactance of face sheet materials was required.

b. Evaluation of advanced suppression prediction codes, developed under NASA contracts,

versus measured engine data. Development of new codes implementing recent advances.

Of the above, the effort on the evaluation and development of codes was terminated due to a

substantial reduction in the funding available for this contract.

The test plan proposed by GEAE included the following three different methods for the

measurement or eduction of the acoustic impedance of single-degree-of-freedom (single layer)
acoustic liners.

(i) Steady flow resistance measurement in grazing flow: This method does not

involve any acoustic data requiring accurate frequency domain information of

magnitude and phase. Instead, steady pressure and temperature measurements are

required to determine the steady flow resistance under given grazing flow

conditions. Therefore the measurement technique is simpler and less risky.

However, this method can not provide any data on the effects of grazing flow on
the mass reactance of the face sheet.

(ii) Impedance measurement by the "In-situ" method 131:This method requires the

measurement of acoustic signals at the face sheet and the back wall of a cavity.

The complex ratio of these signals at a given frequency, together with the cavity

depth and the speed of sound, are used to compute the acoustic Impedance of the

single layer liner. The real part of the complex impedance is the acoustic

resistance and the imaginary part represents the acoustic reactance. Syed

conducted an analysis of the measurement uncertainties in this method. This

analysis showed that the errors in the reactance data due to errors in measured

magnitude and phase of the complex ratio (mentioned above) might be

acceptable. Moreover, it was argued that taking the average values of data from

up to eight different cavities could minimize this error. Some preliminary test data
were presented H at the "Orifice Impedance Model Workshop," in February 1998

in Chula Vista, California.

(1)



(iii) Impedance eduction from insertion loss data. This method requires the

measurement of the acoustic insertion loss in the flow duct facility at the BF

Goodrich plant at Chula Vista in California. J. Yu described the method I51at the

Orifice Impedance Model Workshop held at Chula Vista in February 1998. It

involves the determination of the acoustic modal coefficients or amplitudes from

an insertion loss test with a liner of known acoustic impedance. These modal

coefficients are then used to compute the insertion loss spectrum for a liner of

unknown impedance. In these computations, first the acoustic reactance of the

liner is assumed to be known and the resistance is varied until a close agreement

with the measured insertion loss spectrum is achieved. This process is then

repeated with the mass reactance also. In this way, values of the acoustic

resistance and mass reactance of the test panel can be educed.

The work planned by GE to perform acoustic impedance measurements by the In-situ

Method was also deleted due to reduced funding.

This report contains the details of the work done by GE Aircraft Engines and by BF
Goodrich.

2.0 Testing and Analysis

2.1 Test Panels and Samples

The sandwich construction of a test panel is schematically shown in the sketch below

Aluminum

Honeycomb

Porous face sheet

............•......•..............I......•......
Acoustically "hard" _imperviou_) back sheet

h is the depth of the honeycomb core. The focus of this test program was on perforated

face sheets only. The face sheets were made from metallic and composite materials. The

perforations were produced by different manufacturing processes that are currently used

in the production of acoustic liners for aircraft engine nacelles. These processes included

• Punching for Aluminum face sheets

• Drilling (BFG, Graphite-Epoxy composite)

• Forming by pin-mandrels (GEAE & Boeing - Graphite- and Fiberglas-Epoxy

composites)

• the "Pin-less" process (MRAS - Graphite and Fiberglas-Epoxy)

(2)



Thesheetreticulationprocesswasusedfor thebondingof thefacesheetto the
honeycombcore.

Table 1showsthenominalparametricdetailsof theacousticpanelsthatweretestedin
flow ductapparatusesatGE,BFGandNASALaRC.

Two additional panels with #near wiremesh-on-perforate face sheets were also

fabricated for insertion loss testing in the �low duct at BF Goodrich (BFG) plant in Chula

Vista, CaBfornia. The ob/ective for testing these panels will be discussed later in this

port.

For each liner design (Table 1), two acoustic treatment panels were fabricated. The first

panel, shown in Figure 1, is 5.5 inch wide and 24 inches long, designed for testing in the

GE and BFG Flow Ducts. The second panel, shown in Figure 2, is 2 inch wide and

15.852 inches long. It was designed for testing in the flow duct at NASA LaRC. Thus,

two sets of 15 treatment panels were be fabricated; one set for GEAE & BFG and the
second set for NASA LaRC.

Corresponding to each test panel, a set of test samples, for DC flow resistance and normal

incidence Impedance tube measurements, was also fabricated. These samples were used

by GE to conduct DC flow tests in grazing flow conditions.

A sample with "Wiremesh-on-Perforate" type linear face sheet was also tested. The test

results created enough interest to require the testing of additional samples. Consequently,

five more samples with wiremesh type linear face sheets were tested under Task order 13,
sub-task 2G. These are described in section 3.6.

2.2 Tests

2.2.1

Conducted at the B. F. Goodrich Plant

DC Flow Resistance Tests

BF Goodrich (BFG) measured the DC Flow Resistance of the perforated face

sheet materials, for samples 1 through 12, before and after bonding to the

honeycomb core. The data from these tests are summarized in Table 2. Note that

the porosity values in Table 2 were computed from the DC-flow data using the

process described below.

A sample of the acoustic treatment panel, without the impervious back sheet is

tested in a DC Flow apparatus. These DC flow resistance data are used to obtain,

by linear regression, a correlation of the form

Ro = ao + bo Uo .............. (1)

where R0 is the flow resistance (cgs Rayl), U0 is the flow velocity (cm/s) through

the test sample and a0 and b0 are constants to be determined by the linear

(3)



regressionprocess.Thesuffix "0" denotesthattheflow resistancedataare
normalizedto referencevaluesof temperatureandpressure(530°R& 14.7psia)
atthesample.

For Perforatedsheetmaterialswithsquareedgedholes,theeffectivevaluesof
porosity(y,holediameterd, andfacesheetthicknesst, arerelatedasfollows[1,
5]:

Cd = 0.80695 _/{_ o.1/exp(-0.5072 t/d)} ............. (2)

bo = {po/(2 Cd2)} {(1-(Y 2 )/d} ........... (3)

d = _/[(4 sis2 a)/_l .............. (4)

S1 and s2 (assumed to be known) are the values of the hole spacing as illustrated

Sl _,m

0 0 0 0
$2

ooooq
0 0 0 0

below.

The thickness, t, of the face sheet is also assumed to be known (from

measurements). The following iterative process is used to compute the values of

_ and d.

1. Assume Cd = 0.76, and t/d = 0.3 (say)

2. Compute (y from equation (3) and d from equation (4). Compute new value of

(t/d).

3. Compute new value of Cd from equation (2)

4. Repeat step 2. Compare new value of _ with its previous value. If the

difference is insignificant, then stop the iteration. Otherwise repeat steps and 3
and 2.

This iterative process is illustrated in the diagram below.

(4)
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2.2.2

2.2.3

Impedance Tube Measurements

A sample from each of the 12 treatment panels was tested in the impedance tube

apparatus. The test apparatus is described in Appendix I. The test data and the

corresponding predicted impedance data are contained in the Excel file NM-Imp-

data.xls of reference [6].

Flow Duct Insertion Loss Data

The flow duct apparatus used in the Insertion Loss measurements is schematically

illustrated in Figure 3. In the flow duct apparatus at BFG, the acoustic excitation

is in the upstream reverberation chamber. Over the frequency range of interest,
the acoustic fields inside the two reverberation chambers are considered to be

diffused. Therefore, the acoustic power in a reverberation chamber can be

deduced from one measurement in it. The principal acoustic measurements made

for a given test condition (test panel, flow Mach number) are the sound pressure

level (SPL dB) spectra in the upstream and the downstream reverberation
chambers. The acoustic insertion loss is defined as follows

IL dB (f) = SPLu (f)- SPLD (f) (5)

where f is the acoustic frequency, suffixes U and D represent acoustic data from

the upstream and the downstream chambers respectively.

The acoustic power suppression due to a treatment panel in the test section is
obtained as follows

APWL dB(f) = IIL dB (f)ILINrR- IIL dB (f)law ........... (6)

(5)



where
[IL dB (f)]LINER
section,and
[IL dB (f)]HW

istheinsertionlosswith theacousticliner in thetest

is theinsertionlosswithhardwallsin thetestsection.

Thismeasurementtechniquehasbeendevelopedandroutinelyusedby BFGto
comparetheacousticperformanceof linerswith smalldesignchanges.

JiaYu of BFGdescribedtheproposeduseof thismeasurement,for theeduction
of liner impedanceundergrazingflow conditions,in arecentworkshop[5]. It
involvestheuseof 2Dmodalpropagationtheoryin aflow ductwith one-side-
lined.In orderto usethismethod,aknowledgeof thecoefficientsof acoustic
modespropagatingin theduct,upstreamof thelinedtestsection,is required.
Sincelinearliners,with wiremesh-type face sheets, are minimally affected by the

grazing flow conditions, the impedance of the two linear panels discussed in

section 3.1 will be estimated with good accuracy. For this purpose these two

treatment panels, with known acoustic impedance characteristics, are tested first

in the flow duct at the required grazing flow conditions. From the known

impedance value Z (f), a set of modal coefficients is determined by minimizing

the difference between the predicted and the measured values of APWL (f). These

modal coefficient data are saved, to be used later.

In order to educe the acoustic impedance of a treatment panel with a perforated

sheet, it will be tested at flow conditions for which the modal coefficient data

have been previously established by the method described above. Using the modal

coefficient data, 2D modal analysis theory and an estimate of the impedance Z (j),

APWL (f) will be calculated. By iterating on the impedance value, the difference

between the measured and the calculated values of APWL (f) will be minimized.

The value of acoustic impedance that corresponds to the minimum difference

between the measured and calculated APWL (f) values represents the best

estimate of the impedance of the liner at frequencyf The process is repeated over

the frequency range for which APWL (f) data have been measured.

A similar methodology was employed at Rolls Royce [7] in the mid 1970's. In

that work, however, the assumption of equal modal energies was used to compute

the acoustic power suppression.

Flow duct insertion loss data for treatment panels 1 through 13, for three panels

with DynaRohr face sheets, and three composite panels #14, #15A and 15B from

GEAE were tested by BFG. The data from these tests are contained in the file

data.Ms of reference [6]. These insertion loss data were acquired at air flow

speeds of Mach 0.0, 0.1, 0.3, 0.5 and 0.7.

Note that BFG did not complete the eduction of acoustic impedance from the

measured insertion loss data because of funding cuts. Instead, they compared

predicted suppressions with measured insertion loss data using the

(6)



2.3

Rice-Heidelbergl21 correlation for impedance prediction. Dr. Kwan presented

these data during the review held at NASA LaRC. Illl

DC Flow Resistance Measurements in the Flow Duct Apparatus at GE

These tests were performed in the Acoustic Laboratory at GEAE, in Evendale, Ohio.

A new flow duct apparatus was designed, fabricated and set up in the Acoustic

Laboratory. The flow duct apparatus is schematically shown in Figure 4a. Note that the

apparatus is designed to measure flow resistance in the following two modes.

• Pull Mode - in this mode, air is sucked into the test sample from the flow

duct using a vacuum pump.

• Push Mode - in this mode, air is blown through the test sample into the flow

duct using pressurized air.

The details of the installation of the acoustic treatment sample in the flow duct and the

description of the data acquisition are shown in Figures 4b and 4c respectively. Figure 5

is a photograph of the flow duct showing some components of the DC Flow apparatus

and its rectangular cross section. Note that this duct was designed to test panels of the

size that are tested in the duct at BFG used for Insertion Loss testing.

All treatment samples of Table 1 were tested. In addition, the following two samples
were also tested.

• a perforated Aluminum sheet sample, called the "GEAE's Standard Perforate"

• a sample with a wiremesh-on-perforate "DynaRohr" type face sheet.

The DC flow tests were carried out at grazing flow Mach numbers from 0 to 0.7 in steps

of 0.1. These values were set at the inlet to the duct where the boundary layer thickness is

negligible. However, at the test location, due to boundary layer growth, the free stream

Mach numbers had higher values. Thus DC flow test data were taken at grazing flow

speeds approaching Mach 0.8.

2.3.1 Flow Resistance Data without Grazing Flow {M =0.0}

It is generally well known that the steady (DC) flow resistance of perforated sheet

materials is different when the direction of flow through the test sample is

reversed. This is because the shape and the edges of the holes may be different on

the two sides of the perforated sheet material as a result of the techniques and

processes employed in manufacturing. For this reason DC flow resistance is

measured in the Pull and Push modes described above. Figure 6 shows a plot of

typical DC flow resistance data. Also shown are straight-line fits through the data

from the push and the pull modes of testing. The values of the porosity from the

slopes of these lines are computed by the following simple formula.

bo = po/(2 Cd20 "2) ......... (7)

(7)



Insteadof followingtheprocedureproposedby BFG(seesection2.2.1,above),a
constantvalueof 0.76wasusedfor thedischargecoefficient.Therationalefor
this is explainedbelow.

GEAEandMRASfoundthatequation(2) in section2.2.1doesnotaccurately
determinethedischargecoefficientin termsof thegeometricalparametersof the
perforatedsheetmaterials.In orderto establishamoreaccuratecorrelation,
GEAEconductedDC flow measurementsonasetof 19perforatedsheetsamples
coveringawiderangeof porositiesandholediameters.Thedatafromthesetests
aresummarizedin Figure7.Themeasureddischargecoefficientdataareplotted
againstthemeasuredporositydeterminedfromgeometricaldata.Thereis a lot of
scatterin thevaluesof Ca.A polynomialfit throughthedataisalsoshown.
Figure8showstheresultsof astatisticalanalysisof thissetof data.It canbe
seenthatthecurveis relativelyflat for porosityvaluesbetween5%and15%.
Therefore,aconstantvalue,0.76,for thedischargecoefficient,wasselectedfor
calculatingtheporosity.Usingthisvaluefor Ca,in equation(7),theporosityis
givenby

= _/{0.001039/b} (a)

Equation (8) was used to compute the effective porosity (open area ratio) of the

face sheet materials from DC flow data measured without grazing flow.

Repeatability of Data without Grazing Flow (M=0.0)

Repeated measurements of the flow resistance data for treatment samples #3 and

#4 were obtained over several days to establish the repeatability of DC flow

testing in the flow duct apparatus. First these measurements were made without

grazing flow because the variation in these tests is considered to be due to the

following:

• Unsteady response of the instrumentation and the data acquisition system

• Unsteadiness in the flow through the test sample.

Figure 9 shows data measured with the test sample #3. Five sets of data, obtained

on five different days are plotted. Clearly, data from repeated tests on the same

sample do not agree perfectly. However, this is expected of any measurement

system. Therefore, we have to establish the variance of such measurements, using

statistical methods. For this purpose, the DC flow data measured with the test

sample #4 were used. Figure 10 shows statistical distribution plots for two

parameters. The first parameter is the resistance, R100, corresponding to the flow

velocity of 100 cm/s through the face sheet. The second parameter is the POA

(per cent open area). Note, the POA is computed from the slope, b, only. R100 is

computed the measured intercept and the slope. The data presented in Figure 10

are based on the intercept, a, and the slope, b that are the mean values from the

"push" and the "pull" modes of air flow, as shown below.

a = {apull "t- apush}/2 b : {bpull "t- bpush}/2

(s)



The statistical plots and data in Figure 10 are based on 18 different repeated tests.

It is shown that the flow resistance, R100 is measured at 7.97+0.24 cgs Rayl

(+3% of the mean value). Also, the POA is measured at 12.04% +0.29%. Note

that the POA determined from geometrical data is within the range 11.4% to
12.7% due to the uncertainties in the measured values of the hole diameter and the

hole spacing.

2.3.2 Flow Resistance Data with Grazing Flow.

The procedure used in the reduction and analysis of DC flow data is described and

discussed first. Figures 1 la and 1 lb illustrate the steps that are used in the

process. Figure 11 a shows a plot of the measured pressure drop across the test

sample, against the velocity of the airflow through the porous face sheet. Note

that the airflow is measured by the laminar element flow meter, which is not

affected by the grazing flow over the test sample. The measured data are labeled

"UNCORRECTED." Note that the plot has a finite pressure drop across the test

sample when the velocity of the airflow through it is zero. If the uncorrected data

were used in computing DC flow resistance, then we would get very large values

of resistance (+ oe) as the airflow velocity approaches zero. This absurd result is

due to a bias error in the measured pressure drop across the test sample. Shifting

the plot so that it passes through zero eliminates this bias error. The plot labeled

"CORRECTED" shows this. The continuous plot of DC flow resistance in Figure

1lb is obtained by using the corrected pressure drop data in Figure 1 la.

Using the procedure described above, the DC flow resistance data measured at

different grazing flow Mach numbers can be reduced. An example of such data is

shown in the plots of Figure 12. It can be seen that of grazing flow has a big

impact on the DC flow resistance of the test sample. Under zero grazing flow, the

mean particle velocity of the airflow through the face sheet primarily affected the

resistance of the test sample. Under grazing flow conditions, the free stream Mach

number of the grazing flow is the principal parameter of interest. The non-

linearity (sensitivity to particle velocity normal to the face sheet) of the perforated

test sample is of very little interest under grazing flow conditions that are

typically experienced in engine nacelles.

DC flow Resistance at Root-Mean-Squared (rms) Values of Particle Velocity

In acoustic applications, the air particle velocity normal to the porous face sheet of

a liner is periodic. That is, air particles move through the liner surface in push and

pull modes. It is normal in acoustics to refer to root-mean-square (rms) values of

acoustic velocities and acoustic pressures. Therefore, it is more useful to express

flow resistance data in terms of tins values. The following procedure was used to

accomplish this.

Figure 13a is a plot of typical flow resistance data obtained under grazing flow

conditions. A 3 rd order polynomial fit through the data is then obtained. Figure

(9)



13bshowsaplotof flow velocitythroughthetestsampleduringonecycle.This
distributionof flow velocitiescorrespondsto aspecificrms value. The

polynomial from Figure 13 a is used to compute the flow resistance values

corresponding to the flow velocities of Figure 13b. From these data, plotted in

Figure 13c, arms value of the flow resistance is computed. In this way, a set of

rms values of flow resistance corresponding to a set of rms values of particle

velocity through the test sample are obtained. Figure 13d shows a typical plot of

rms flow resistance data against rms flow velocities.

Observe that the slope of the plot in Figure 13d is relatively small, compared to

the slope under zero grazing flow. This implies that the porous face sheet material

tends to become "linear" as a result of grazing flow.

It should be noted that the measured DC flow resistance data correspond to flow

velocities in the range -150 (cm/s) _<U0-< 250 (cm/s). Therefore, rms Resistance

data corresponding to rms flow velocities that are greater than 150 (cm/s), require

extrapolation. Hence, the accuracy of such data may be questioned.

A polynomial fit through the data of Figure 13d can be used to obtain the

following set of data:

* R0(0, M) the value of flow resistance at rms flow velocity of 0 (cm/s)

* R0(20, M) the value of flow resistance at rms flow velocity of 20 (cm/s)

* R0(100, M) the value of flow resistance at rms flow velocity of 100 (cm/s)

* R0(150, M) the value of flow resistance at rms flow velocity of 150 (cm/s)

. NLF(150:20, M) = {R0(150, M)/R0(20, M)}

where M is the Mach number of the grazing flow and R is the rim' flow resistance

(cgs Rayl). The suffix 0 indicates that the data are corrected to "reference"

temperature and pressure conditions at the surface of the treatment sample. GEAE

uses 70°F and 29.92 inches of Hg., respectively, for reference temperature and

pressure values. The rationale for correcting DC flow Resistance data to reference

conditions of temperature and pressure is discussed in Appendix II.

As pointed out above, the slope of the rim' Resistance versus rim' flow velocity

plot, under grazing flow conditions, is relatively small and the curve may be

approximated to a straight line for rim' flow velocities less than 150 cm/s. Thus a

knowledge of the intercept, R0(0), and the nonlinearity factor, NLF(150:20), is

sufficient to estimate the Acoustic Resistance under the grazing flow Mach

number that corresponds to the engine operating conditions of interest.

Finally, the Resistance data, R(U0, M), were normalized by the characteristic

impedance, (p0c0), of air at the reference temperature and pressure. These data

were then analyzed and correlated in terms of the design parameters of the face

sheet material and the grazing flow conditions.
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2.3.3

2.3.4

Boundary Layer Measurements

Boundary Layer flow velocity profile measurements were made over the test

sample at two Mach numbers only. This was done to minimize test time in order

to minimize the cost of testing which included the cost of the high-pressure air

supply (labor of the operators of the 401-compressor system). Also, towards the

end of the testing, the boundary layer probe system broke down. Therefore it was

not possible to acquire data for every test sample. This was not considered a

serious problem for the reasons stated below.

Note that the flow duct upstream of the small test sample is unchanged throughout

the test program. The flow velocity profiles measured over the test sample were

due to boundary layer development upstream of the test sample. Therefore, the

test sample itself was not expected to affect the boundary layer profiles measured

over it. This is exactly what was observed from the test data. Hence, the data

acquired is representative of the flow profiles for all test samples.

Figure 14 shows typical velocity profiles measured at Mach 0.3 (approximately).

Also shown are the values of the displacement and the momentum thickness (6*,

0). Note that as expected, the airflow through the test sample did not have much

effect on the boundary layer profile and thickness data.

Normalization of Test Data

As mentioned in section 2.3.2, all flow resistance data were normalized to

reference temperature (To =70°F) and pressure (P0 = 14.7 psia) conditions at the
surface of the liner test sample. To compute the flow resistance at any other

temperature and pressure values, use the following procedure.

The normalized data presented in this report is given by

Ro (Uo, M) = ao(M)+ bo(M) Uo ............ (9)

Where

M

R

U

a

b

Mach number of grazing air flow over the liner surface

Flow Resistance (cgs Rayl)

Flow particle velocity normal to the liner surface (cm/s)

The Intercept - value of resistance, R, corresponding to U=0

The slope - the rate of increase of resistance, R, with velocity U

The suffix "0" represents the reference conditions of temperature (To) and

pressure (Po). The values of ao and bo depend on the geometric parameters of the

perforated face sheet.

The flow resistance at any temperature, T, and pressure, P, can be computed from

R(U, M) = a(M) +b(M) U (10)
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where

a(M) = ao(M) (g/g0) _ ao(M) (T/To) °'7s ............... (11)

b(M) = bo(M) (9o/13) = bo(M) (Po/P) (T/To) .............. (12)

2.3.5 Test Data

The normalized DC flow data for the liner samples (#1 through #15), tested under

grazing flow conditions, are presented in Figures 15 through 28.

Figure 15 shows tabulated data showing the face sheet parameters and the

measured DC flow data for a set of grazing-flow Mach number values. Note that

for each value of grazing flow Mach number, the DC flow resistance data

consists of the following

R0

NLF

the "Intercept" -- value of flow resistance corresponding to zero

particle velocity.

Non-linearity Factor NLFlso/2o - ratio of resistance values flow

velocities of 150 (cm/s) and 20 (cm/s). That is, NLF150/20 =

R(150)/R(20).
Ro/(poco), non-dimensional resistance; Po is the density of air and co is

the speed of sound.

Ro _' multiplied by the open area ratio, oar.

The slope bo, can be calculated as follows

bo = Ro {(NLF-1)/(150-20 NLF)} ............. (13)

Using Ro for ao, and bo from equation (13), the flow resistance at any particle

velocity, Uo, can be computed from equation (10).

Repeatability of test data under _razin_ flow conditions

Because of the considerable cost of conducting tests under grazing flow

conditions, it was not possible to conduct very extensive testing to obtain

repeatability data. However a limited amount of repeat testing was done on

sample number 3. In addition, two different samples from liner #14 were tested

and two samples from two different panels, #15-1 and #15-2 (from MRAS) were
tested.

The data from sample #3 is shown in Figures 17a through 17c. In Figure 17c,

data from the two tests are plotted for comparison. The repeatability is very good

up to grazing flow Mach number values of 0.6. Maximum variation in test data is
observed at Mach 0.8.
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The data from the two different samples from liner #14 are compared in Figure

27c. There is very good agreement between the two sets of measurements up to

Mach 0.7. Again, maximum variation is observed at Mach 0.8.

The data from the two test panels, #15-1 and #15-2, produced by MRAS, are

compared in Figure 28c. Again, there is very good agreement between the two

sets of measurements up to Mach 0.6. At higher grazing flow speeds, the variation

increases with Mach number. However, in this case, the data variation at Mach
0.8 is much smaller than observed for liners #3 and #14.

Flow Resistance Data for a liner sample with Linear "wiremesh-on-

perforate" face sheet.

The measured data, in non-dimensional form, is plotted against grazing flow

Mach number, in Figure 29. Also plotted is the predicted values using the

approximate relation, All* = 0.5 M, based on earlier work by Syed. I1°1

Note that the increase in resistance is quite modest at Mach number values up to

0.4. At higher grazing flow speeds, the resistance increases much more rapidly

with increasing values of grazing flow Mach number.

3.0 Correlation of Test Data

The parameters of interest in the DC flow measurement, in high speed grazing flows, are
tabulated below.

Symbol Description
t Thickness of the porous face sheet sample.

d Diameter of the holes, if perforated face sheet

G Porosity or open area ratio (OAR)of the porous face sheet. This

is a non-dimensional parameter.

T Static temperature of the air

p Density of the air

Coefficient of viscosity of the airflow through the test sample

c Speed of sound at temperature, T

u Velocity of air flowing through the test sample

V Free stream velocity of the grazing flow

(parallel to the duct wall)

8 _ Boundary layer displacement thickness

In the analysis of sound propagation in acoustically lined ducts, the acoustic resistance of

the liner is normalized by the characteristic impedance, pc, of air. Similarly, the DC flow
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resistance should be normalized as . Other non-dimensional groupings of the

above parameters are:

t
Reynolds number based on

the speed of sound, e.

According to Buckingham H Theorem, a unique correlation exists between the

normalized flow resistance and the other non-dimensional parameters listed above.

Salikuddin [121 also obtained DC flow resistance data under conditions of high speed

grazing flows at three different values of the air temperature. The author I131analyzed

some of these data to investigate the dependence on the above Reynolds number. It was

shown that these data collapsed well on a single correlation between the normalized

values of flow resistance and the through-flow velocity, (u/e). There was no clear trend

in regard to variations in the Reynolds number. Thus, it was demonstrated that the

"Normalized DC flow resistance" is not dependent on temperature except through the air

density and the speed of sound used in the normalizing process.

In previous work [2, 3], the increase in acoustic Resistance was correlated in the

following manner.

All* = F{M, 8*/d}/o

where

&R* is the increase in normalized acoustic Resistance under grazing flow conditions

relative to no grazing flow conditions

$*/d ratio of boundary layer displacement thickness, 5*, and the diameter, d, of the

perforations in the face sheet of the acoustic liner

o Open area ratio (OAR) or porosity of the face sheet.

F{M, 6*/d } is a function to be determined from the correlation of the measured data.

The correlation developed by GE, is of the following form.

R*{M, o, (8*/d),.(u/c)} = FI{M, o, ($*/d)} +Fz{M, o} (u/c) ...... (14)
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3.1 Correlation for the metallic perforated face sheets

First consider the test data from samples # 1, #2, #3, #4, #9 and #10. All these samples

have holes of 0.039 inch diameter. Also for these tests, there is no variation in the

boundary layer thickness to hole diameter ratio, (6*/d). Thus these data can be used

determine a correlation between R*, M, (u/c), and the porosity _. Sample #5 has holes

of 0.090 inch diameter. Also Samples #6, #7 and #11 have holes of 0.050 inch diameter.

Therefore, the data from these samples, together with the data for samples with 0.039

inch diameter holes, were used to obtain a correlation between R* and (8*/d).

The final Calibration of all the data from the perforated metallic face sheets is as follows:

/F1 M, cy, = (Zl {M} cy/3a{M} (15)

(Zl{M } = 0.0713M + 0.3181M 2 (16a)

/3l{M} = - 1.423 + 0.733 M - 0.367M 2 (16b)

/32{M} = - 0.347 + 0.118 M (16c)

P2 {m, _} = o_2 {m} (y[33{m} (17)

o_2 {M} = 0.53 e -495M

/33{M} = - 2.08 - 2.395 M + 1.633 M 2

(18a)

(18b)

Thus

R* M, u = cq{M}

+ o_2{M}_[33{M}{ u}

(19)

Note that the first term, Fi {M, cy, 6*/d} represents the so-called "intercept" or the linear

term, which is independent of the flow velocity through the perforated sheet. The

second term, Fz{M, cy}, represents the "non-linear" term or the "slope", which shows

sensitivity to the normalized flow velocity, (u/c), through the perforated sheet.

In Figure 30, the linear part of the correlation (the intercept) is compared with the

measured data from all the metallic treatment samples. Note that the magnitude of the

deviation of the measured data from the correlation increases with the grazing flow Mach
number.

Figure 31 a shows a histogram of the data scatter from the predictions of the linear

(intercept) normalized resistance (pc) of the metallic face sheet samples. It shows that all
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data,exceptonemeasurement,lieswithin +0.5pc of the predicted value. Note that the

distribution of the data scatter is very similar to the "Normal" distribution. This means

that the data scatter is largely caused by random errors in the measurement process.

Figure 3 lb shows a plot of the residuals against the fitted values, as determined by

regression analysis of the predicted and the measured data. The correlation between the

predicted values and the corresponding measured data is 98.8%.

3.2 Correlation for the perforated face sheets made from composite materials

The composite treatment samples #12 and #14 were manufactured by B. F. Goodrich and

by GE (Albuquerque plant) respectively. Figure 32 shows the linear part of the

normalized resistance data from tests on these samples compared with predictions using

the correlation defined by equations 15 through 19. Note that the measured values of the

normalized resistance, R*, are slightly less than the corresponding predicted values for

both the test samples. However, the differences between the measured and the predicted

data are within the data scatter described in section 3.1 above. A statistical analysis,

called "two sample T-Test," on the data from the metallic perforated sheets and from

Samples #12 & #14 was performed. It showed that within 95% confidence interval, the

above two sets of data belonged to a single distribution. This means that the correlation

developed from data measured with metallic perforates can be used for composite

perforates represented by samples #12 and #14.

The samples #15A and 15B were made of Graphite-Epoxy face sheet, perforated by means

of a "Pin-Less" process, by Middle River Aircraft Systems. The face sheet also had an

"erosion resistant coating" which significantly affected the hole shapes at the edges, as
illustrated in the schematic sketch below.

Erosion Resistant Coatin_

Perforated Sheet

Figure 33 shows a comparison of the measured values of the normalized linear part of

the resistance with the corresponding predicted values, using the correlation defined in

equations 15 through 19. It is clear that the measured resistance values are significantly

less than the predicted values, especially at grazing flow Mach numbers greater than 0.2. It

is believed that this effect is caused by the change in the hole shape due to the erosion

resistant coating. This is an important finding. It means that to some extent the

normalized resistance of a perforated sheet of given porosity may be controlled, under

grazing flow conditions, by using surface coatings. After a separate investigation into this

phenomenon, MRAS obtained a US patent [14] for this ability to control the normalized

resistance of a perforated face sheet under grazing flow conditions.
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3.3 The Non-linearity Issue - Sensitivity to the Normalized Flow Velocity through the
Face Sheet.

Figure 34 shows, for sample #1, the plots of the measured Normalized Resistance, R*,

against the normalized flow velocity through the face sheet, at different values of the

grazing flow Mach number. Note that the sensitivity of the measured value of R* to the

normalized through flow velocity, (u/c), decreases with increasing values of the grazing

flow Mach number. This observed trend is true for all face sheet samples tested under this

research project.

For the data at each value of the grazing flow Mach number in Figure 34, a slope was

defined. Thus for each grazing flow Mach number, the Normalized Resistance can be

expressed as

R* {M)} = Intercept{M} + Slope{M} ( u }

The intercept is referred to as the linear part of the resistance. The slope represents the

sensitivity to the flow velocity through the face sheet. It represents the nonlinearity of the

porous face sheet. The test data from all the metallic face sheet samples were used to

derive the correlation described by equations (17), (18a) & (18b).

Note that u/c=0.003 represents flow velocity of approximately 100cm/sec at 70°F

(530°R). It can be seen that at grazing flow Mach numbers greater than 0.3, the non-

linear effect may be negligible for low values of (u/c). Therefore, in treatment design

calculations for aircraft engine nacelles, the non-linearity effect may be neglected when

the grazing flow speeds are greater than 0.3. This eliminates the need to know the in-duct

acoustic excitation levels (spectral data) for the purpose of liner design.

3.4 The Effects of the Boundary Layer Displacement Thickness, 5"

The non-dimensional parameter of interest is the normalized displacement thickness,

(6*/d). The measured boundary layer data are presented in Figure 35. Note that between

the two values of grazing flow Mach number, there was very little change in mean value

of the boundary layer displacement thickness. Consequently a mean value of 6* = 0.057

was used to compute values of (6*/d). Thus all the variation in this parameter was due to
the variation in the hole-diameter.

Figure 36 compares the boundary layer effects predicted by the current correlation

(equation 15) with those predicted by the Rice / Heidelberg correlation described in

section 3.5. Note that the boundary layer effects predicted by the GE correlation are very

close to those predicted by the Rice / Heidelberg correlation.
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Figure37comparestheboundarylayereffectsonthenormalizedResistance,R*, at
differentvaluesof thegrazingflowMachnumber.Thedatashowthattheeffectsof
boundarylayerthicknessvariationincreasewith thegrazingflow Machnumber.

3.5 Comparison with the correlation by Rice and Heidelberg

3.6

The simple correlation by Rice [21is given by

oar.ARo * = 0.3M ......... (20)

The more complex correlation by Rice and Heidelberg is given by

oar.ARo* = M/{2+1.256( 8*/d)} ....... (21)

Comparisons of the Normalized Resistance, R*, calculated by the GE method (equation

19) and the Rice/Heidelberg method (equation 21) are shown in Figure 38. Data

correspond to open area ratio (OAR) of 10% and two values of (_'/d). Note that the

Rice/Heidelberg correlation significantly under predicts the normalized resistance at

grazing flow greater than Mach 0.4.

Grazing Flow Effects for Liners with Linear Face Sheets

Figure 29 shows data from a wiremesh-on-perforate type linear sample tested under Task

Order 3. These data clearly indicated a significant increase in resistance due to high speed

grazing flow. Additional tests were conducted on linear treatment samples taken from

panels that were originally constructed under Task Order 25. These samples are described
in the table below.

POA of Dia (inch) Perf Sheet
Panel ID Description of the face sheet of R* of holes inPerf. Thickness

acoustic liner. (intercept) Sheet. Perf. (inch)
Sheet

# 4-4.1 SDOF: Wiremesh-on-Perforate 2.24 34% 0.05 0.025
SDOF: Wiremesh screen bonded

1.86 NA NA NA
# 4-4.4 directly on honeycomb.
# 5-5.1 SDOF: Wiremesh-on-Perforate 1.51 34% 0.05 0.025

SDOF: Wiremesh screen bonded
1.11 NA NA NA

# 5-5.4 directly on honeycomb.
2DOF: Wiremesh-on-Perforate

0.95 34% 0.05 0.025
# 6-6.1 face sheet

The measured Normalized Flow Resistance data from tests on samples from these panels

are presented in Figures 39 through 43.

It can be seen that the effects of grazing flow on the normalized resistance of these so-

called linear materials are quite significant, and therefore, should not be ignored.
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Figure44showstheincreaseinnormalizedresistance,{R*(M)-R*(0)}, plottedagainst
thegrazingflow Machnumber,M, for theabovefive samples.Thedatafor the
wiremesh-on-perforatesamplesfrompanels#5-5.1and# 6-6.1showsignificantlylarger
increasein resistancethanthedatafor the"wiremeshonly" samplesfrompanels#4-4.4
and#5-5.4.Thedatafromthewiremesh-on-perforatesamplefrompanel#4-4.1arecloser
to thedatafromthe"wiremeshonly" samples.

Thesedatafromthefive linearfacesheetsarenotsufficientto establishgeneralized
correlationfor suchlinearfacesheetmaterials.However,in theabsenceof betterdata,
thefollowingcorrelationmaybeusedto computetheincreasein resistanceof linearface
sheets,for grazingflowMachnumbervaluesin therange:0.3< M < 0.8.

For"Wiremesh-on-Perforate"typefacesheets:

{ R*(M) - R*(0)} --0.07M + 1.61M2 ...... (22)

For"WiremeshOnly" facesheets:

{ R*(M) - R*(0)} =-0.36 M +1.41M2 ....... (23)

4.0 Discussion, Conclusions and Recommendations

A technique to measure DC flow resistance under grazing flow conditions has been developed

under this contract. A number of liner samples with perforated face sheets have been tested.

Eleven (11) of these liner samples were made with punched Aluminum sheet materials. Three

samples were made of Fiberglas-Epoxy or Graphite-Epoxy face sheets. These composite sheets

were made with three different processes representing manufacturing as follows

B. F. Goodrich

GE Aircraft Engines

Middle River Aircraft Systems

holes produced by drilling

holes produced by pin-mandrel tools

holes produced by "pin-less process"

In addition, a sample with a laser drilled (micro-porous) thin film bonded on a 34% porosity

perforated face sheet was tested. This sample represented a new process to produce face sheets

with micro-porous label.

Six samples with so-called linear face sheets were also tested. Four of these had "Wiremesh-on-

Perforate" and two had "Wiremesh Only" face sheets.

All liner samples with perforated face sheets, were fabricated using the "sheet reticulation

method" for bonding the honeycomb core to the face sheet. The analysis of the test data revealed

several interesting results. These are discussed below.
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Linearity or Sensitivity, to the particle velocity normal to the liner surface

Hitherto, perforated sheet materials have been regarded "very non-linear" because they were

considered to be very sensitive to the acoustic particle velocity. This conclusion was based on

DC flow resistance characteristics measured without grazing flow. This non-linearity, was
considered undesirable. Hence the extensive use of linear liners made with wiremesh screens

bonded on high porosity perforated sheets. These liners were expensive to fabricate and were

easily damaged due to ingestion of birds, ice impact and erosion.

The data measured under this contract has proved that liners with perforated face sheets become

linear when they operate in the presence of high speed grazing airflow. In actual fact they

become as linear as any linear liner at grazing flow Mach numbers above 0.5.

Sensitivity to Grazin_ Flow Velocity

Tests have shown that perforated sheet materials are significantly more sensitive to grazing flow

velocity than laser drilled (micro-porous) or DynaRohr type (wiremesh-on-perforate) sheet

materials. However, the tests have also demonstrated that the laser drilled or the DynaRohr type

liners are not insensitive to grazing flow. In the past, for DynaRohr and micro-porous sheet

materials, the grazing flow effects were assumed to negligible. The tests conducted under this

contract have demonstrated that for these materials, the increase in Resistance due to grazing

flow is quite significant and should be taken into account when designing such liners.

The tests on the samples from MRAS show that spraying of erosion resistant coating can

significantly reduce the sensitivity to grazing flow. Therefore, we can not use the correlation

developed for punched Aluminum sheet materials, to predict the resistance of a face-sheet that

has a thick coat of paint on it. More tests are needed to understand and correlate the effects of

spray coating of acoustic liners. The test method developed under this contract is an economical

way of conducting such studies.

The Effects of Grazin_ Flow on Mass Reactance

We have demonstrated that grazing flow has a major impact on the value of the acoustic

resistance of a liner made with perforated face sheets. Any scaling laws and methods based on

impedance data acquired without grazing flow are not accurate under high speed grazing flow

conditions. This has been shown conclusively for the acoustic resistance. It is believed that the

mass reactance of liners will also be greatly affected by high speed grazing flow. This was

shown, to a limited extent, by Kooi & Sarin [3]. There is a need to investigate and quantify this
effect.
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Conclusions

• A new correlation for the Resistance of acoustic liners, made with perforated face sheets, has

been obtained. This correlation is based on data at grazing flow speeds up to Mach 0.8.

• The increase in resistance with grazing flow Mach number is bigger than predicted by

correlations proposed by Rice and Heidelberg. This difference is more significant at grazing

flow speeds above Mach 0.5.

• Non-linearity characteristics decrease with grazing flow Mach number. Effectively, liners

with perforated face sheets become linear (insensitive to acoustic particle velocity) under

engine operating conditions.

• Grazing flow effects on the Resistance of laser drilled (micro-porous) face sheets (sample

#13), are much bigger than predicted by Heidelberg-Rice correlation at all grazing flow

speeds.

• DynaRohr type liners with wiremesh-on-perforate face sheets, do show significant increase

in Resistance with increasing grazing flow Mach number. This effect should be included in

design considerations.

Recommendations

The following work is recommended for future research sponsored by NASA.

1. Conduct tests to measure the mass Reactance of face sheet materials under grazing flow

conditions. These tests, as originally planned, will be conducted with the In-Situ method for

Impedance measurement.

2. Evaluate and develop new liner concepts that can provide substantial increase in noise

suppression over conventional single layer liners.
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Nomenclature

Aluminum

Honeycomb

Porous face sheet

............•......•..............i......"......
Acoustically "hard" _impervious) back sheet

a

b

C

d

h

sl

s2

t

n

oar

rms

Co
M

R

Ro
NLF

R _

Ro_
U

V

OAR

8

8"

_t

_to

P

po

0

- the intercept of the straight line relationship (Green's equation) for the

Steady (DC) flow resistance of a porous sheet material (cgs Rayl)

- the slope of the straight (green's equation)

- speed of sound in air

- diameter of perforations or holes (inch) in a perforated face-sheet

- depth (inch) of the honeycomb core

- spacing between adjacent holes in a row of the hole pattern of a perforated sheet

- spacing between adjacent rows of holes
- thickness of a face-sheet material

- particle velocity (cm/s) of air flowing through the face sheet during a flow resistance test

- open area ratio or porosity of the hole pattern of a perforated sheet

- root-mean-squared value

- discharge coefficient

- Mach number of the grazing air flow over the test sample (V/c)

- The steady flow Resistance (cgs Rayl); for a given porous test sample

the flow resistance is given by Green's equation: R(U) = a + bU

- Value of resistance at u =0; note that Ro = ao, the intercept of Green's equation

- non-linearity factor --

The ratio of the flow resistance at two different values of flow velocity

through the test sample. Thus NLFlsoao = R(150)/R(20)

- normalized or non-dimensional resistance; R _ = R/(pc)

- Ro/(pc)

- particle velocity (cm/s) of air flowing through the face sheet during a flow resistance test

- Grazing Flow Velocity

- open area ratio or porosity of the hole pattern of a perforated sheet

- boundary layer thickness of the flow over the test sample

- boundary layer displacement thickness

- coefficient of viscosity

- coefficient of viscosity at reference temperature

- density of air flow over the test sample

- density of air at reference temperature and pressure

- open area ratio (oar) or porosity of the hole pattern of a perforated sheet

- boundary layer momentum thickness

The suffix 0 may denote reference conditions of temperature (70 ° F) and pressure (14.7 psia) or it

may denote zero flow velocity through the porous sheet sample. Unless otherwise stated, all data

presented in this report are normalized to the above reference temperature and pressure values.
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Table 1.

Matrix of Proposed Acoustic Treatment Panels with Perforated Face Sheets for

Im _edance Measurements under Grazing Flow conditions.

No. Candidates

1

2

3

4

5

6

7

9

10

11

12

13

14

15A

15B*

Initial

Open Area
Ratio

(POA)*

Availability Hole

Diameter

d (inch)

Core Depth

(GE/NASA)

h (inch)

Plate

Y thickness

t (inch)

.025

.025

.025

.025

.032

.02

.04

.025

.028

.045

0.028

.015/.032

0.030

0.030

0.030

Base liner 8.7 Yes .039 1.5/1.5

Min POA 6.4 Yes .039 1.5/1.5

Max POA 15 Yes .039 1.5/1.5

Min d 13.2 yes .039 1.5/1.5

Max d 13.0 yes .093 1.5/1.5

Mint 7.3 Yes 0.05 1.5/1.5

Max t 7.3 Yes 0.05 1.5/1.5

Max h 8.7 Yes .039 0.75/3

Special 1 10.5 Yes .039 1.5/1.5

Special 2 8.7 Yes .050 1.5/1.5

Composite 8.3 Yes 0.062 1.5/1.5

PU film 18/34 Yes .062/0.005 1.5/1.5

GE (pin-mandrel) 9% Yes 0.062 1.5 / 1.5

MRAS (pin-less) 9% Yes 0.062 1.5 / 1.5

MRAS (pin-less) 9% Yes 0.062 1.5 / 1.5

Note:

Porous Face Sheet

Honeycomb Core ....... i .......... [ .......... i.... i .........

Impervious back sheet

The dimensions of the panel (15A) made for the GE/BFG ducts were incorrect.

Therefore, MRAS made a second set (panel plus samples) for GE only.

NASA LaRC received the set with panel #15A.

T
h
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Table 2

Steady Flow Resistance Data from tests conducted at the BF Goodrich plant in

Chula Vista, California.

Sample MeasuredData(Input) EstimatedData(Output)

THK SP PTNConfiguration
inch inch inch

0.025 0.126 Stagge

0.025 0.126 Stagge
0.025 0.126 Stagge

0.025 0.126 Stagge

0.025 0.126 Stagge

0.025 0.126 Stagge

0.025 0.126 Stagge

0.025 0.146 Stagge

0.025 0.146 Stagge
0.025 0.146 Stagge

0.025 0.146 Stagge

0.025 0.146 Stagge
0.025 0.146 Stagge

0.025 0.146 Staggel

0.025 0.096 Stagge

0.025 0.096 Stagge

0.025 0.096 Staggel

0.025 0.096 Stagge
0.025 0.096 Stagge

0.025 0.096 Staggel

0.025 0.096 Staggel

0.025 0.103 Stagge

0.025 0.103 Stagge
0.025 0.103 Staggel

0.025 0.103 Stagge

0.025 0.103 Stagge

0.025 0.103 Staggel

0.025 0.103 Staggel

Entry
Exit

Average

Entry
Exit

Average

Average

Entry
Exit

Average

Entry
Exit

Average

Average

Entry
Exit

Average

Entry
Exit

Average

Average

Entry
Exit

Average

Entry
Exit

Average

Average

INT SLP R(105) NLF

Rayl Rayl

Unprimed
-0.39 0.134 13.63 11.58

0.31 0.121 12.96 9.00

-0.04 0.128 13.30 10.29

Primed

0.26 0.119 12.77 9.11

1.24 0.101 11.82 6.56
0.75 0.110 12.30 7.84

Bonded

0.53 0.119 13.06 8.39

Unprimed
-0.83 0.255 25.92 11.80

-1.32 0.277 27.75 12.81
-1.08 0.266 26.84 12.31

Primed

-0.64 0.246 25.22 11.36
-0.14 0.240 25.06 10.30

-0.39 0.243 25.14 10.83

Bonded

0.62 0.245 26.39 9.04

Unprimed

0.39 0.036 4.20 6.89

0.56 0.033 3.97 5.85
0.48 0.035 4.09 6.37

Primed

0.48 0.035 4.10 6.33

0.71 0.032 4.00 5.31

0.60 0.034 4.05 5.82

Bonded

0.86 0.042 5.28 5.44

Unprimed
0.41 0.052 5.84 7.47

0.53 0.050 5.79 6.88

0.47 0.051 5.82 7.18

Primed

0.54 0.047 5.44 6.72

0.78 0.044 5.35 5.74
0.66 0.046 5.40 6.23

Bonded

0.83 0.051 6.18 5.95

DIA POA INT SLP R(105) NLF

inch Rayl Rayl

.0377 8.13% 0.49 0.125 13.63 8.52

.0382 8.32% 0.47 0.119 12.96 8.51

.0374 7.99% 0.51 0.129 14.04 8.52

.0382 8.32% 0.48 0.117 12.77 8.47

.0389 8.65% 0.44 0.108 11.82 8.47

.0388 8.59% 0.45 0.110 12.00 8.47

.0379 8.21% 0.49 0.120 13.06 8.47

.0374 5.95% 0.69 0.240 25.92 8.88

.0367 5.74% 0.74 0.257 27.75 8.87

.0364 5.64% 0.76 0.266 28.69 8.87

.0376 6.00% 0.68 0.234 25.22 8.86

.0376 6.02% 0.68 0.232 25.06 8.86

.0372 5.89% 0.71 0.243 26.18 8.86

.0370 5.83% 0.72 0.244 26.39 8.84

.0381 14.26% 0.28 0.037 4.20 7.55

.0388 14.79% 0.26 0.035 3.97 7.61

.0387 14.74% 0.26 0.035 3.96 7.58

.0383 14.47% 0.27 0.036 4.10 7.57

.0385 14.59% 0.27 0.036 4.00 7.54

.0389 14.92% 0.26 0.034 3.84 7.55

.0359 12.66% 0.36 0.047 5.28 7.53

.0378 12.21% 0.33 0.053 5.84 7.86

.0379 12.25% 0.33 0.052 5.79 7.86

.0379 12.29% 0.32 0.052 5.76 7.86

.0384 12.59% 0.31 0.049 5.44 7.82

.0385 12.70% 0.31 0.048 5.35 7.83

.0388 12.85% 0.30 0.047 5.22 7.83

.0371 11.77% 0.36 0.055 6.18 7.80
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Table 2 (continued)
Steady Flow Resistance Data from tests conducted at the BF Goodrich plant in

Chula Vista, California.

Sample MeasuredData(Input) PredictedData(Output)
THK SP PTNConfiguration
inch inch inch

0.032 0.250 Stagger

0.032 0.250 Stagger

Entry
Exit

INT SLP R(105) NLF
Rayl Rayl

Unprimed

-0.77 0.077 7.34 18.89
-0.82 0.080 7.62 19.34

DIA POA INT SLP R(105) NLF
inch Rayl Rayl

.0893 11.57% 0.08 0.069 7.34 9.51

.0884 11.34% 0.08 0.072 7.62 9.51

0.032 0.250 Stagger Average -0.80 0.079 7.48 19.12 .0864 10.83% 0.09 0.079 8.38 9.51
Primed

0.032 0.250 Stagger
0.032 0.250 Stagger

0.032 0.250 Stagger

0.032 0.250 Stagger

0.020 0.175 Stagger

0.020 0.175 Stagger
0.020 0.175 Stagger

0.020 0.175 Stagger

0.020 0.175 Stagger
0.020 0.175 Stagger

Entry
Exit

Average

Average

Entry
Exit

Average

Entry
Exit

Average

Average

Entry
Exit

Average

Entry
Exit

Average

Average

Entry
Exit

Average

Entry
Exit

Average

Average

0.020 0.175 Stagger

0.040 0.175 Stagger

0.040 0.175 Stagger

0.040 0.175 Stagger

0.040 0.175 Stagger
0.040 0.175 Stagger

0.040 0.175 Stagger

0.040 0.175 Stagger

-0.52 0.073 7.10 15.07

-0.51 0.073 7.15 14.98
-0.52 0.073 7.13 15.03

Bonded

-0.89 0.073 6.78 24.21

Unprimed
-2.07 0.225 21.58 17.63

-2.22 0.227 21.66 18.56
-2.15 0.226 21.62 18.10

Primed

-1.22 0.204 20.23 13.84
-0.92 0.196 19.66 12.80

-1.07 0.200 19.95 13.32

Bonded

-1.29 0.202 19.89 14.22

Unprimed

0.32 0.175 18.73 9.24
0.87 0.166 18.32 8.15

0.60 0.171 18.53 8.70

Primed

0.53 0.164 17.74 8.76

0.95 0.152 16.95 7.87
0.74 0.158 17.35 8.32

Bonded

0.11 0.171 18.10 9.72

Unprimed
-0.35 0.131 13.45 11.45

0.52 0.116 12.71 8.38

0.09 0.124 13.08 9.92

Primed

1.09 0.104 11.95 6.91
-0.01 0.124 13.01 10.05

0.54 0.114 12.48 8.48

Bonded
1.22 0.108 12.59 6.75

0.025 0.126

0.025 0.126

0.025 0.126

0.025 0.126
0.025 0.126

0.025 0.126

0.025 0.126

.0896 11.66% 0.08 0.067 7.10 9.50

.0894 11.60% 0.08 0.067 7.15 9.50

.0877 11.16% 0.09 0.073 7.75 9.50

.0905 11.89% 0.08 0.064 6.78 9.49

.0480 6.82% 0.29 0.203 21.58 9.40

.0479 6.80% 0.29 0.203 21.66 9.39

.0467 6.46% 0.33 0.226 24.05 9.39

.0488 7.04% 0.27 0.190 20.23 9.39

.0491 7.14% 0.27 0.185 19.66 9.39

.0481 6.85% 0.29 0.201 21.39 9.39

.0488 7.06% 0.28 0.187 19.89 9.38

.0475 6.67% 0.61 0.173 18.73 8.66

.0477 6.75% 0.59 0.169 18.32 8.65

.0475 6.69% 0.60 0.172 18.63 8.66

.0480 6.83% 0.58 0.163 17.74 8.63

.0486 6.98% 0.56 0.156 16.95 8.63

.0484 6.94% 0.57 0.158 17.16 8.63

.0477 6.75% 0.60 0.167 18.10 8.63

.0377 8.13% 0.50 0.123 13.45 8.49

.0383 8.38% 0.47 0.117 12.71 8.50

.0376 8.09% 0.50 0.125 13.57 8.50

.0388 8.60% 0.45 0.110 11.95 8.48

.0380 8.23% 0.49 0.119 13.01 8.47

.0384 8.44% 0.46 0.113 12.38 8.47

.0382 8.35% 0.48 0.115 12.59 8.46

Note: The parameters for the face sheet for treatment panel No. 8 are the same as those for panel No. 9.
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Table 2 (continued)
Steady Flow Resistance Data from tests conducted at the BF Goodrich plant in

Chula Vista, California.

Sample MeasuredData(Input) PredictedData(Output)
THK SP PTNConfiguration

10

11

12

inch inch inch

0.028 0.115

0.028 0.115
0.028 0.115

0.028 0.115

0.028 0.115

0.028 0.115

0.028 0.115

0.045 0.160
0.045 0.160

0.045 0.160

0.045 0.160

0.045 0.160
0.045 0.160

0.045 0.160

0.028 0.191

0.028 0.191

Entry
Exit

Average

Entry
Exit

Average

Average

Entry
Exit

Average

Entry
Exit

Average

Average

Average

Average

INT SLP R(105) NLF
Rayl Rayl

Unprimed

0.20 0.081 8.74 9.04
0.60 0.076 8.59 7.46

0.40 0.079 8.67 8.25

Primed

0.58 0.076 8.59 7.53

1.00 0.070 8.39 6.26
0.79 0.073 8.49 6.90

Bonded

0.80 0.078 9.00 6.94

Unprimed
0.58 0.114 12.59 8.17

0.86 0.108 12.18 7.44

0.72 0.111 12.39 7.81

Primed

0.64 0.110 12.14 7.98

1.04 0.104 11.98 7.01
0.84 0.107 12.06 7.50

Bonded

-0.02 0.117 12.21 10.08

Composite Perlorate

-0.51 0.115 11.53 12.59

Bonded

-0.05 0.111 11.61 10.21

DIA POA INT SLP R(105) NLF
inch Rayl Rayl

.0380 9.92% 0.44 0.079 8.74 8.02

.0382 10.00% 0.44 0.078 8.59 8.02

.0380 9.90% 0.45 0.079 8.77 8.02

.0380 9.90% 0.45 0.077 8.59 7.96

.0382 10.01% 0.44 0.076 8.39 7.96

.0385 10.18% 0.43 0.073 8.12 7.96

.0375 9.65% 0.48 0.081 9.00 7.94

.0472 7.89% 0.58 0.114 12.59 8.17

.0476 8.03% 0.56 0.111 12.18 8.17

.0476 8.02% 0.57 0.111 12.21 8.17

.0475 8.00% 0.57 0.110 12.14 8.14

.0477 8.07% 0.56 0.109 11.98 8.15

.0479 8.14% 0.55 0.107 11.77 8.15

.0474 7.94% 0.59 0.111 12.21 8.11

.0594 8.78% 0.21 0.115 12.25 9.25

.0602 9.00% 0.20 0.109 11.61 9.24

R(U) = INT + SLP * U

where U is the mean flow velocity through the perforated face sheet (cm/s); R(U) is the steady (DC)

flow resistance (cgs Rayl) at flow velocity U. The column headers of Table 2 are provided below:

THK = Sheet Thickness

SP = Hole Spacing

PTN = Hole Pattern

INT = Intercept

SLP = Slope

R(105) = Flow Resistance at 105 cm/sec

NLF = Nonlinearity Factor = R(200)/R(20)

DIA = Hole Diameter

POA = Percent Open Area
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Table 3

Boundary Thickness data measured over the test sample.

Sample
Number

2

3

5

6

7

9

12

13

14

15

2

5

6

7

9

12

13

14

15

Mach
Number

0.323

0.288

0.320

0.320

0.321

0.326

0.288

0.323

0.324

0.326

0.545

0.544

0.546

0.545

0.543

0.485

0.549

0.552

0.552

Displacement
Thickness

0.0595

0.0497

0.0550

0.0600

0.0646

0.0645

0.0438

0.0622

0.0605

0.0601

Momentum
Thickness

0.0475

0.0413

0.0439

0.0483

0.0521

0.0519

0.0357

0.0496

0.0484

0.0483

0.058

0.057

0.059

0.059

0.059

0.052

0.059

0.054

0.059

0.047

0.046

0.047

0.048

0.047

0.043

0.048

0.043

0.047

Hole
Diameter

d

0.0380

0.0380

0.0900

0.0480

0.0480

0.0380

0.0650

0.0480

0.0540

0.0400

0.038

0.090

0.048

0.048

0.038

0.065

0.048

0.054

0.040
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NASA Contract NAS3-98004 Task Order 3: Acoustic Treatment Design Technology - Final Report
Appendix I - Work Performed by BF Goodrich (Rohr) in Chula Vista, California.

BFGoodrich Semi-empirical Acoustic Impedance Model

General Impedance Model

The impedance model used for perforate plates is derived from BFGA/AG empirical data and is
well-established in open literature, la'3 The basic equation can be expressed as follows:

Z/pc R +jX

R o +Rof+SrV p +Rcm (Vcm) + j [Xm+SmVp+Xem(Vcm)-Cot(kh)] ........................ (1)

where,

Z/pc is a complex number representing normalized impedance

R is the normalized acoustic resistance

i is _/-1 (imaginary number)

X is the normalized acoustic reactance

p is the air density and ¢ is the speed of sound

pc is the characteristic impedance (unit: cgs- Rayl)

R o is the frequency independent linear acoustic resistance

RofiS the frequency dependent linear acoustic resistance

S is the non-liner DC flow resistance slope

S r is the non-linear acoustic resistance slope

Vp is the root-mean-square particle velocity over the entire frequency range in cm/sec

Vcm is the Mach number

Rcm(Vcm ) is the acoustic resistance induced by grazing flow.

Xm is the mass reactance (including end correction)

Sm is the non-linear mass reactance slope

Xem(Vcm ) is the non-linear mass reactance

X c is the cavity reactance

k is the wave number per cm

d is the perforate plate hole diameter in inch

cot(kh) is the backing cavity reactance, h is cavity depth

Perforate Plate Impedance Model Parameters

Detailed parameters for perforate plate liners are described below:

Zo/pc (Ro + Ro9 + i(xm) ioa+ F(k ,0 ..................................................... (:)
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where,

FCk_,r) 1-{2J1 (k_,r) / lk_, rJo (k_,r)I } ................................................................................ (3)

= -i ....................................................................................................................(4)

=1.0(_0 2
Sr pc 2C 2 _7 ) ...................................................................................................... (5)

For perforate plates at t/d<l

_1.336541(2 p 1-c_2Sr
pc _2 _2 ) ............................................................................................ (6)

k
S m ---.0.000631 2 ......................................................................................................... (7)

/
0.5072(d)

Ca = 0.80695_/c_ 01/e
.......................................................................................... 8)

ed = 0.85kd(1 - 0.7-__---)

1 + 305(_,m) 3

Rcm z
R

c_(2 + 1.256d)

where,

t is the perforate plate thickness in inches

fis the acoustic frequency in Hz

c_ is the perforate plate open area ratio

c is the in-duct speed of sound in cm/sec

co is the angular velocity cm/sec (co=kc)

bt is the coefficient of viscosity in gm/cm-sec

d is the effective Mass end correction

K, is the wave-number of the viscous Stokes wave

r is the perforate plate hole radius

Ca is the discharge coefficient

6* is displacement boundary layer thickness in inch

................................................................................................... 0)
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TESTING AND VALIDATION

Acoustic Testing

In this part of the study, various laboratory tests were conducted to evaluate liner acoustic

properties and to validate advanced treatment impedance models discussed previously. These

laboratory tests included DC flow resistance measurements, normal incidence impedance

measurements, DC flow and impedance measurements in the presence of grazing flow, and in-

duct liner attenuation as well as modal measurements. In this paper, the DC flow resistance

measurement data and normal incidence impedance test results are discussed.

The DC flow resistance measurements were conducted at airflow rates of 30, 60, 105, 150,

and 200 cm/sec. All the data were normalized to reference ambient conditions (70 °F and 29.92"

Hg). The first order least squares curve fit was used to generate required data including

intercept, slope, R(105), and NLF. The R(105) is DC flow resistance data at 105 cm/sec and the
NLF, which is referred as non-linear factor, is the ratio of resistance data at 200 cm/sec to data at

20 cm/sec (R(200)/R(20)).

A 3-cm diameter 8 Hz bandwidth sound impedance measurement system was used to

perform liner normal incidence impedance measurements.

A two-microphone technique and random noise signal are used in all normal incidence

impedance measurements. Figure 1 shows impedance measurement set-up for single degree of

freedom liner measurement. The Left-hand side is a sketch and the right-hand side is a photo.

DRIVER

Figure 1 Impedance measurement set-up for single degree of freedom liner

measurement. (Left-hand side is a sketch and right-hand side is a photo)

Validation of Semi-empirical Model

Validation of the advanced treatment impedance models without grazing flow present was

accomplished through the use of DC flow and normal incidence acoustic impedance
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measurements. The study indicates that the theoretical impedance model described previously

can precisely predict acoustic impedance for perforate plate acoustic treatment. The success of

the semi-empirical model is based on several key items:

1. Effective POA and effective hole diameter values obtained from DC flow resistance data are

used as input parameters for impedance calculations.

2. An exact solution is used to solve Crandall's Equation.

3. Non-linear behavior is applied to both resistance and reactance data. The non-linear slope

constants are determined empirically.

4. The perforate plate thickness to hole diameter ratio must be less than one (t/d _<1) for both

full- and sub-scale liners to maintain a predictable discharge coefficient.

5. DC flow resistance data is used as an input parameter to calculate linear liner impedance.

Effective POA and Hole Diameter

Using the DC flow resistance data that averages entry side and exit side data as well as the

plate thickness and average hole spacing (center to center) measurements, one can easily

calculate effective POA and effective hole diameter for an unbonded perforated skin. The same

approach is not suitable for bonded acoustic panels because accurate DC flow measurements can

only be performed from the unbonded perforated plate surface. A modified measurement

technique derived from Rohr's empirical data base was used to determine the effective POA and

hole diameter on bonded panels.

The basic equation used for effective POA and hole diameter calculation can be derived from

Pousielle approximate model.

R(v) R(o)+s.v 32 d) + s.v ............................................................................(11)
where S is the slope of the velocity-dependent term and V is the DC-flow velocity. The

relationship between open area ratio, c_, and average hole diameter, d, can be determined by the

perforate hole pattern It can be expressed as

(d/2)z ................................................................................................................. (12)(Y ----'B; --
2

Sp

where Sp is the hole spacing (center to center) and can be defined by using an average

measurement value. Use of a measured DC flow resistance value, plate thickness, and average

hole spacing, one can easily calculate effective POA and hole diameter from Equations (11) and

(12).
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Test Matrix:

Table 1 is matrix of proposed acoustic treatment panels with perforated face sheets for impedance

measurements under grazing flow conditions.

Table 1

No. Candidates

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Initial

Open Area
Ratio

(POA)*

8.7

Availability Hole

Diameter Y

d (inch)

Plate

thickness

t (inch)

Core Depth

(GE/NASA)

h (inch)

Base liner Yes .039 .025 1.5/1.5

Min POA 6.4 Yes .039 .025 1.5/1.5

Max POA 15 Yes .039 .025 1.5/1.5

Mind 13.2 yes .039 .025 1.5/1.5

Max d 13.0 yes .093 .032 1.5/1.5

Min t 7.3 Yes 0.05 .02 1.5/1.5

Max t 7.3 Yes 0.05 .04 1.5/1.5

Min h 8.7 Yes .039 .025 0.75/3

Max h 8.7 Yes .039 .025 0.75/3

Special 1 10.5 Yes .039 .028 1.5/1.5

Special 2 8.7 Yes .050 .045 1.5/1.5

Composite 8.3 Yes 0.062 0.028 1.5/1.5

PU film 18/34 Yes .062/0.005 .015/.032 1.5/1.5

GE (pin-mandrel) 9% Yes 0.062 0.030 1.5 / 1.5

MRAS (pin-less) 9% Yes 0.062 0.030 1.5 / 1.5

*Due to the tooling availability, the POA may be varied.

Also note that there is 7% blockage caused by the sheet reticulation process for bonding to the

honeycomb.

¥ For all perforated sheets, d/t _>1 is required for punched aluminum perforate plate.

All the parameters as well as DC flow Resistance will be conducted before and after bonding

NASA Panel 2"x 15.852" (frame required - see Figure 2); BFG/GEAE panel: 5.5"x 24" (see

Figure 1).
Configuration 8 and 9 are the same; 9 was chosen to use.
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DC Flow Resistance Data:

DC flow resistance data and geometrical definitions for 12 BFGA perforate samples are contained
in the Excel file DC-resis-data.xls. [1]

Normal Incidence Impedance Data

Normal incidence impedance data (measured and predicted) for 12 BFGA perforate samples and

1 PU film sample are contained in the Excel file NM-Imp-data.xls. Ill The data include two core

depths. One is 1.5 inch (sample R801 to R813) and the other is 0.75 inch (Samples R901 to

R913).

Flow Duct Insertion Loss Data

Flow duct insertion loss data for 12 BFGA perforate samples, 1 PU film sample, 3 DynaRohr

samples, and 3 GEAE composite samples are contained in the Excel file insertion-loss-data.xls.lll

The definitions of DynaRohr samples (#16, 17, & 18) are listed in the file DC-rersis-data.xls

second sheet. The sample # 19 is provided by GEAE and the POA is unknown.

Grazing Flow Impedance

Three sets of flow duct insertion loss data were used to indirectly assess the perforate liner

impedance mode with the grazing flow. DynaRohr panel #17 was selected as a reference panel

to estimate in-duct modal distribution at various grazing flow Mach numbers. Based on

estimated modal distribution. The measurement data for perforate panels #1 and #3 were used to

compare with the prediction result at the Mach number 0.3 and 0.5. It shows reasonable

agreement between prediction and measurement on the test sample #1 ( 8.2 POA) except.

However, at the frequency with peak attenuation, the prediction is under estimate at 0.3 M

number and slight over calculated at 0.5 M. The data points at 5000 Hz are ignored because the

cavity reactance -cotan(kh) term is near the unstable condition. For the test sample #3, it is over

predicted at peak frequency for 0.3 M. However, it is well under predicted at peak frequency

region (1250 to 2000 Hz) for 0.5 M. The under prediction can be contributed to the high

aerodynamic noise generated by the grazing flow. In general, the results indicate that the semi-

empirical model seems working reasonable to handle grazing flow conditions but further

refinement is definitely required. All the test data are included in the reference [1].

Reference

Data files generated in this study are archived on a CDROM entitled "Perforated Sheet Study

Data- 2001." Individual files include "att-data.xls", "DC-resis-data.xls", "Dynal 7-att.xls",

"impedance data. doc", "NM-imp-data.xls" and "Perfl &3-att.xls."
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Procedure for Computing and Normalizing DC Flow Resistance Data.

Pf, Tf

air suoolv

_APf

Flowmeter

Porous Sheet [ [

Sample _]_i LPs__

I

?
Plenum Chamber

Ps, Ts

Schematic Diagram of a typical apparatus for the measurement of DC Flow Resistance of

porous materials.

P0 = 14.695 psia (29.92 In. of rig. At 39 ° F) ; reference pressure

To = 530 ° R (70 ° F) ; the reference temperature

The above values of the reference Temperature and Pressure are to be used for normalizing all DC

flow resistance data.

The Meriam Flow Meter gives a volume flow rate, CFM (cubic feet per minute), corresponding to the

pressure drop, as follows

CFM = B X (APf) -}- C X (APf)2 (1)

where the constants B and C are obtained from the calibration chart of the flow meter.

Vfo = Volume flow rate (SCFM) based on Flowmeter calibration and measured APf -

corresponds to the reference pressure and temperature, P0 & To.

Vfo = SCFM = CFM X {( Pf/P0)( To / Tf) °'75} (2)

Vf : Actual volume flow rate (ACFM) at Temperature Tf and Pressure Pf measured at
the inlet to the Flowmeter

Vf = CFM X ( To / Tf) 0"75 (3)

Asif A. Syed, Acoustics and Installation Aero@namics

GE Aircraft Engines.
(513) 243-3468. (B-2)

02/11/00



Appendix II

NASA Contract NAS3-98004 Task Order 3 - Acoustic Treatment Design Technology.
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m = mass flow rate = {Of Vf } = Of {CFM X ( To / Tf) 0"75} ..... (4)

Us = Flow Velocity, into the test sample corresponding to Pressure Ps and

Temperature Ts (°R)

: {m/(Aps)} : {Of/(Aps)} {CFM X ( To / Tf) °'7s}

Us = {CFf'v_//t_} {( Pf / Ps) ) ( Ts / Tf) ( To / Tf) o.7s} ......... (5)

where A is the area of the test samples.

Us0 = Flow Velocity into the test sample corresponding to Pressure P0 and

Temperature To (°R) at the test sample

= (Us) (Ps/Po) (_O/_s) .... [based on the equality of Reynolds number]

Uso = _(.;FI_,/f/A_ {( Pf / Ps) ( Ts / Tf) ( To / Tf) o.7s} {( Ps / Po)( To / Ts) ,.7s}

Us0 = {(T?v_/A} ( Pf / P0)( To / Tf) 25 .......................... (5)

Rs = The DC Flow Resistance = APs/Us

= APs/[ _(}:')vl/A} {(Pf/Ps) ( Ts / Tf) ( To / Tf) °'7s}]

= [APJ I(TNt,"A }I {( Ps / Pf)(Tf/To) °75 } ........................... (6)

Rs0: Rs (g0/gs) : I)*;P/{C_-:i\'I/A} ii ( Ps / Pf) .................. (7)

Note that in equations (5), (6) & (7), it is assumed that Ts = Tf.

The rationale behind the normalization of the measured DC flow data of equations (5) and (7) to a

reference temperature and pressure, is based on the principle of dynamical similarity. This was

explained in detail in a technical paper by Motsinger, Syed and Manley [1].

DC flow data (Rs0 & Us0) are expressed in c.g.s units. The Volume Flow rate, CFM, as measured by

a Meriam flow meter is expressed in cubic feet per minute. This has to be converted into cubic

centimeter per second. The area, A, is input as square inches. It has to be converted into square

centimeters. Finally, the pressure drop, APs, across he sample is measured in inches of water at 4°C.

This has to be converted into Dynes/(sq.cm.). Therefore the above equations with the conversion
factors are as follows
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Procedure for Computing and Normalizing DC Flow Resistance Data.

Pf, Tf _APfair supply
[ I

Flowmeter

Porous Sheet I

I

?
Plenum Chamber

Ps ,Ys

CFM .----S :×{,!},Pi) + C _ (,,!,?_-)_

Uso = 73.151 { C_=_:_/_ } ( Pf / Po)( To / Tf) 25

Rso = 34.0504 I}!}_?v/ ICF!3v_{//k }iii ( Ps / Pf)

flow rate (Cubic Feet per Minute)

............. assumes Ys = Yf

............. assumes Ys = Yf

Note:- The temperatures Tf and To must be expressed in degrees R.

Po = 14.695 psia (29.92 In. of Hg. At 39 ° F) ; reference pressure

To = 530 ° R (70 ° F) ; the reference temperature

A = area of the sample (square inches) is known

Measured Data ,14

Ps APs Pf APf rf CFM

psia inches psia inches °R Feet'/
H20 H20 rain

Computed Data

(CFM/A) APs/(CFM/A ) Uso Rso

cm/s cgs

Rayl

A number of measurements are made. The data are then used to obtain, by linear regression, a
correlation of the form

Rso = a + b Uso

where a and b are constants

(s)

(determined by linear regression).

For Metallic Perforated sheet materials [2 & 3], the effective porosity is determined, by an iterative

process, as follows:
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Procedure for Computing and Normalizing DC Flow Resistance Data.

Cd = 0.80695 X/{_ 0.1/exp(-.5072t/d)}

b = {00/(2 Cd2)} {(1-a 2 )/2}

............. (9)

........... (10)

where t is the thickness, d is the hole diameter of the perforated sheet, (y is the effective porosity (a

fraction <1.0), P0 is the density of air at the reference values of temperature and pressure, and Ca is the

discharge coefficient for the perforated sheet material. Note that t9o O. 0012 (,grn/cc) for use in (10).

If the spacing of the hole pattern is known, then an estimate of the hole diameter can also be obtained
as follows:

0 0 0
S2

oooo 
0 0 0

The porosity of the hole pattern is given by

(_ = red2/(4 SlS 2 )

Therefore, the effective diameter of the hole pattern is given by

d = _/[(4 sis2 (s)/rc] .......... (11)

It is also assumed that the thickness, t, of the face sheet, after all processes, is known.

Equations (9) and (10) can be solved using an iterative approach, to obtain the effective porosity and

hole diameter. The following iterative process is used to compute the values of _ and d.

1. Assume Cd = 0.76, and t/d = 0.3 (say)

2. Compute (s from equation (10) and d from equation (11). Compute new value of (t/d).

3. Compute new value of Cd from equation (9)
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Procedure for Computing and Normalizing DC Flow Resistance Data.

4. Repeat step 2. Compare new value of (Y with its previous value. If the difference is insignificant

(<1%), then stop the iteration. Otherwise repeat steps and 3 and 2.

The process map for the iterative computations described above is shown below. An example of this
method is illustrated in FIGURE 1.

Start with initial

values of C d and (t/d)

and measured slope,

b, of DC flow data.

Accept the new estimates

of the porosity and hole

diameter.

Compute C d from equation (9) ]

• Compute (Y from equation (10)

• Compute d from equation (11)

• Compute t/d

Ino

no

Compute Change, 5,

in estimated porosity

8 = [{new-previous}/previous]
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